The multiple endocrine neoplasia type 1 (MEN1) syndrome is caused by germline mutations in the MEN1 gene encoding menin, with tissue-specific tumors of the parathyroids, anterior pituitary, and enteropancreatic endocrine tissues. Also, 30-40% of sporadic pancreatic endocrine tumors show somatic MEN1 gene inactivation. Although menin is expressed in all cell types of the pancreas, mouse models with loss of menin in either pancreatic a-cells, or b-cells, or total pancreas develop b-cell-specific endocrine tumors (insulinomas). Loss of widely expressed tumor suppressor genes may produce tissue-specific tumors by reactivating one or more embryonic-specific differentiation factors. Therefore, we determined the effect of menin overexpression or knockdown on the expression of b-cell differentiation factors in a mouse b-cell line (MIN6). We show that the b-cell differentiation factor Hlxb9 is posttranscriptionally upregulated upon menin knockdown, and it interacts with menin. Hlxb9 reduces cell proliferation and causes apoptosis in the presence of menin, and it regulates genes that modulate insulin level. Thus, upon menin loss or from other causes, dysregulation of Hlxb9 predicts a possible combined mechanism for b-cell proliferation and insulin production in insulinomas. These observations help to understand how a ubiquitously expressed protein such as menin might control tissue-specific tumorigenesis. Also, our findings identify Hlxb9 as an important factor for b-cell proliferation and insulin regulation.
Introduction
In patients with the multiple endocrine neoplasia type 1 (MEN1) syndrome, germline inactivating mutation in one copy of the MEN1 gene encoding menin predisposes to endocrine tumors of the parathyroids, anterior pituitary, and enteropancreatic endocrine tissues and hormone non-secreting non-endocrine tumors such as facial angiofibroma, truncal collagenoma, and lipoma (Thakker 2010) . These tumors show somatic inactivation of the normal MEN1 allele by mutation or deletion, resulting in the complete loss of menin function. Studies on mouse models have demonstrated that Men1 homozygous null mice are embryonic lethal at E11.5-E13.5, and Men1 heterozygous mice show endocrine tumors similar to those found in the human MEN1 syndrome (Balasubramanian & Scacheri 2009 ). However, the role of menin in early development and how menin loss initiates tumors in specific endocrine and non-endocrine tissues are not completely understood.
Somatic inactivation of one or both copies of the MEN1 gene is observed in 30-40% of commonly occurring sporadic pancreatic endocrine tumors, particularly in gastrinoma and insulinoma (b-cell tumor; Jensen et al. 2008 , Jiao et al. 2011 . Menin is a 610 amino acid (aa), predominantly nuclear protein expressed in all tissues including in all cell types of the pancreas. Mouse models with loss of menin in either pancreatic a-cells, or pancreatic b-cells, or total pancreas develop b-cell-specific endocrine tumors (Balasubramanian & Scacheri 2009 , Shen et al. 2009 , 2010 , Lu et al. 2010 . Also, interestingly, mice with liver-specific menin loss did not develop tumors in the liver (Balasubramanian & Scacheri 2009 ). The molecular basis for the pathogenesis of the celltype-specific tumors from the loss of ubiquitously expressed menin needs to be determined.
Loss of widely expressed tumor suppressor genes may produce tissue-specific tumors by reactivating one or more tissue-specific factors associated with embryonic development and differentiation (Sherr 2004 , Briegel 2006 . Also, in some cancers, tissue-specific dysregulation of developmental factors through mutation or abnormal expression or altered subcellular localization has been shown to contribute to neoplasia (Guo et al. 2004 , Kimura 2011 . We investigated this paradigm in the pathogenesis of b-cell tumors. A cascade of known transcription factors has been shown to direct progenitor cells to develop into the pancreatic cell lineage, endocrine cell lineage, and finally into the different islet cell types of the endocrine pancreas. These islet cells -a, b, d, 3, and PP cells -secrete various hormones specific for each cell type -glucagon, insulin, somatostatin, ghrelin, and pancreatic polypeptide respectively. Mouse models have shown that the loss of any particular factor leads to specific loss of only certain islet cell types, confirming the cell-type-specific actions of these transcription factors (Melloul 2004) . HLXB9 is a homeobox containing transcription factor that is essential in the early stages of pancreatic development; it is also expressed in mature b-cells, brain, testis, and in the lymphoid lineage, and it is an important regulator of motor neuron identity in both Drosophila and vertebrates . Mice deficient in Hlxb9 generate defective motor neurons . Knockout of Hlxb9 in mice also leads to the selective agenesis of the dorsal pancreas, with disorganized islet structure and reduced number of b-cells in the ventral pancreas , Li et al. 1999 . In mice, temporally extended Hlxb9 expression under the control of the Pdx1 promoter leads to a complete impairment of pancreas development causing pancreatic cells to adopt intestinal fates (Li & Edlund 2001) . Therefore, tight temporal regulation of Hlxb9 expression is critical for proper pancreas development and function. Mutations in some factors associated with b-cell differentiation -PDX1, HNF1a, HNF1b, HNF4a, MAFA, and NEUROD1 -have been observed in maturity-onset diabetes of the young (MODY); however, no such mutations were found in HLXB9 (MNX1) (Garin et al. 2009 , Naylor & Philipson 2011 . Hereditary mutations of HLXB9 occur in Currarino syndrome characterized by sacral agenesis and anorectal malformations (Ross et al. 1998) . Further studies investigating the causes and consequences of HLXB9 dysregulation will be important to understand the role of HLXB9 in normal b-cell physiology and in disease.
Pancreatic islet b-cell differentiation factors could be important candidates for aberrant reactivation upon menin loss resulting in the increased proliferation and hormonal abnormality of b-cell tumors. Therefore, in order to gain insight into the islet b-cell-specific proliferation and hormone hypersecretion upon menin loss, we undertook a targeted approach to test the possible role of menin in the regulation of islet b-cell differentiation factors and identified Hlxb9 as an important factor for b-cell proliferation and insulin regulation.
Materials and methods

Antibodies and siRNA/shRNA
The antibodies against b-cell differentiation factors and other antibodies are listed in Supplementary Table 1 , see section on supplementary data given at the end of this article. The following siRNA/shRNA were used: mouse Men1 siRNA (Qiagen, Valencia, CA, USA; SI01303715, SI01303722, SI01303736, and SI05382258), mouse Hlxb9 siRNA (Dharmacon, Waltham, MA, USA; L-049859-01), mouse visinin-like protein-1 (Vsnl1) siRNA (Dharmacon, L-060595-01), negative control siRNA (Qiagen, 1027280), mouse Men1 shRNA construct, and control (Ang et al. 2011) .
Mammalian cell culture and transfection
Human embryonic kidney 293 (HEK293) cells (ATCC, Manassas, VA, USA), alpha-TC1 (ATCC), 266-6 (ATCC), and Men1-null or Men1-nullCMen1 mouse embryonic fibroblasts (MEFs) (Schnepp et al. 2004) were grown in DMEM high glucose (Invitrogen) supplemented with 10% FCS (Gemini Bioproducts, Sacramento, CA, USA) and antibiotic/antimycotic (Invitrogen). MIN6 cells (Miyazaki et al. 1990) were grown in DMEM low glucose (Invitrogen) supplemented with 15% FCS and antibiotic/antimycotic.
For menin knockdown, cells were electroporated in solution T (Amaxa/Lonza, Rochester, NY, USA), and for Hlxb9 and Vsnl1 knockdown, cells were first electroporated in solution T followed after 48 h by a second round of transfection with RNAiMAX (Invitrogen). Cells were processed for protein and/or RNA isolation after total 72-h post-transfection. For overexpression, plasmids were electroporated into MIN6, HEK293, or MEFs cells in solution T or transfected with Lipofectamine 2000 (Invitrogen). After 48 h, cells were harvested for protein and/or RNA.
Western blot
Whole cell extract (WCE) was prepared in CIP buffer: 100 mM NaCl, 50 mM Tris-Cl (pH 8.0), 10 mM MgCl 2 , 0.5% Igepal, and EDTA-free protease inhibitor cocktail t (Roche, Indianapolis, IN, USA), and western blots were performed as per standard protocols.
RNA isolation and quantitative real-time RT-PCR
RNA was isolated using the RNeasy Mini Kit (Qiagen) and treated with DNaseI (Ambion, Grand Island, NY, USA). Oligo(dT)-primed first-strand cDNA was used for quantitative real-time RT-PCR (QRT-PCR) with the Brilliant SYBR Green QPCR Master Mix and the Mx3000p cycler (Stratagene, Santa Clara, CA, USA). QRT-PCR was normalized to b-actin or to Gapdh. The 2
KDDCt method was used to quantitate the relative change in gene expression. The data were plotted as fold change over their corresponding controls. All primer sequences are listed in Supplementary Table 2, see section on supplementary data given at the end of this article.
GST pull-down assay
The coding region of Hlxb9 was amplified using MIN6 RNA and cloned into pcDNA3.1(K)-myc-his-A (mh-Vector) (Invitrogen) in-frame with a downstream myc-his-tag (mh-Hlxb9). The full-length coding region of Hlxb9 and Hlxb9 N-or C-terminal aa 1-240 and 241-404 were amplified from the mh-Hlxb9 plasmid and cloned into the GST-fusion vector pGEX-5X-1 (Amersham/Pharmacia, GE Healthcare, Piscataway, NJ, USA). Hlxb9 internal deletions of aa 121-134, 121-167, and 121-174 were generated by sitedirected mutagenesis of the GST-Hlxb9 plasmid. Full-length human menin (flag-Menin) or menin regions aa 41-610, 178-610, 324-610, 1-323, 1-448, 1-476 , and 1-502 were generated by PCR using the FLAG-MAC-menin plasmid (Knapp et al. 2000) as a template and cloned into pflag-CMV4 (Sigma).
GST or GST-fused proteins (GST-Menin, GST-Hlxb9, and GST-Hlxb9 deletions) were expressed in bacteria in the Escherichia coli BL21-PRIL strain (Stratagene) and purified on glutathione sepharose beads (GE Healthcare) as described (Agarwal et al. 1999) . WCE or 35 S-labeled in vitro translated (IVT) protein was precleared at 4 8C for 30 min using glutathione sepharose beads. Equal amounts of GST alone, or GST-fused proteins coupled to glutathione sepharose beads, were incubated overnight at 4 8C with precleared WCE or IVT proteins. The beads were washed thoroughly five times with CIP buffer. The bound proteins were detected by western blot with appropriate antibodies or by autoradiography (for IVT proteins).
Co-immunoprecipitation assay
WCE from MIN6 cells was prepared in CIP buffer. WCE (400 mg) was used for immunoprecipitation (IP) as described (Agarwal et al. 1999 ) with 4 mg anti-Hlxb9. Menin and Hlxb9 were detected by western blot. Because Hlxb9 co-migrates with the IgG heavy chain, the reciprocal IP with anti-menin to detect Hlxb9 was unsuccessful. For co-IP of menin missense mutants (H139D, A176P, A242V, A309P, T344R, and W436R) with mh-Hlxb9, twice the amount of plasmid was transfected for the flag-tagged menin missense mutants due to the previously known reduced expression of menin missense mutants (Agarwal et al. 1999 , Canaff et al. 2012 . Total DNA amount transfected was maintained constant by including empty vector.
Mammalian one-hybrid assay MIN6 cells were transfected with Gal4-UAS luciferase reporter plasmid pFR (Stratagene) alone or together with a plasmid containing Gal4 DNA-binding domain (Gal4DBD) fused Hlxb9 (pM-Hlxb9 or pCMVBD-Hlxb9).
Gal4DBD-JunD (pM-JunD; Agarwal et al. 1999 ) served as a positive control. The pCDNA3.1 plasmid was used to equalize the total amount of transfected DNA. Cells were harvested 48 h post-transfection, and luciferase activity was measured by using the Dual-Luciferase Assay Kit (Promega, Madison, WI, USA).
Gene expression microarray
Total RNA was isolated using RNeasy (Qiagen) from three independent transient transfections of MIN6 cells with control siRNA or Hlxb9 siRNA. Gene expression analysis was performed at the NIDDK microarray core facility using Affymetrix Genechip mouse genome 430, 2.0 arrays (Affymetrix, Santa Clara, CA, USA). Microarray data were normalized and analyzed using Affymetrix Genechip Software Microarray Analysis Suite 5.0. The microarray data have been submitted to Gene Expression Omnibus (GEO, identifier #GSE32653).
Chromatin IP assay MIN6 cells were cross-linked at room temperature with 1% formaldehyde for 10 min. Cells (10 7 ) were lysed in 0.6 ml lysis buffer supplied in the Chromatin IP (ChIP) Kit (Upstate/Millipore, Billerica, MA, USA) and processed for ChIP as per the manufacturer. After overnight reverse cross-link at 65 8C, DNA fragments were purified using the QIAquick PCR Purification Kit (Qiagen). The purified DNA fragments were analyzed using primer pairs designed from the evolutionary conserved promoter regions of mouse Vsnl1 and phospholipase D1 (Pld1; Supplementary Table 2) . PCR products were assessed on agarose gels stained with ethidium bromide.
Cell proliferation and cell cycle analysis
Equal number of MIN6 cells (10 6 ) were transfected with the indicated plasmid DNA, and the cell number was determined 96 h post-transfection using a Cellometer auto T4 plus cell counter (Nexcelom Biosciences, Lawrence, MA, USA). The same cells (2.5!10 5 ) were analyzed in Vindelov's propidium iodide buffer for distribution of cell cycle phases (FACSCalibur, BD Biosciences, San Jose, CA, USA; Cellquest and Modfit, NHLBI flow cytometry core).
Apoptosis assays
The level of apoptosis was determined using the cellular DNA fragmentation ELISA kit (Roche). ApoAlert Annexin V-FITC Apoptosis kit (Clontech, Mountain View, CA, USA) was used for apoptosis detection by immunofluorescence. Microscopy and photomicrography were performed with AxioObserver Z1 (Zeiss, Thornwood, NY, USA).
Immunohistochemistry
Formalin-fixed paraffin-embedded (FFPE) pancreatic tissue sections from 18-month-old Men C/K mice (Wang et al. 2011) were processed for immunohistochemistry (IHC) with anti-HLXB9 (Histoserv, Germantown, MD, USA). IHC with the same HLXB9 antibody did not work in FFPE human pancreatic tissue sections.
Statistical analysis
Data were presented as meanGS.E.M. of at least three independent experiments. Differences between groups were compared by unpaired two-tailed Student's t-tests. Significant difference was considered if P values were !0.05 (*) or !0.01 (**).
Results
Menin regulates the b-cell differentiation factor Hlxb9
The mouse pancreatic b-cell line MIN6 was used to study the effect of menin on RNA and protein expression of 12 transcription factors known to participate in the differentiation of the b-cell lineage: Hlxb9, Hnf3b, Isl1, MafA, MafB, NeuroD1, Ngn3, Nkx2.2, Nkx6.1, Pax4, Pax6, and Pdx1 (Melloul 2004) . Stable overexpression of menin in this cell line decreased cell proliferation and delayed cell cycle progression from G 0 /G 1 into S phase (Supplementary Figure 1 , see section on supplementary data given at the end of this article). Also, endogenous expression of all factors, except Ngn3, was easily detectable in MIN6 cells (Fig. 1A) . These observations show that in MIN6 cells, menin's function to suppress growth is intact and the MIN6 cell culture system can be easily and effectively used to study the possible menin-mediated regulation of b-cell differentiation factors.
Western blot analysis showed that the expression of some factors, such as Hlxb9, Isl1, Nkx6.1, MafA, NeuroD1, Pax4, and Pax6, was decreased upon transient menin overexpression and was increased upon transient menin knockdown (Fig. 1A) . However, none of the transcription factors showed significantly altered RNA expression upon menin overexpression or upon menin knockdown (Fig. 1B  and C) . Further analysis of the factors potentially affected by menin (Hlxb9, Isl1, Nkx6.1, MafA, NeuroD1, Pax4, and Pax6) revealed that only Hlxb9 protein (also known as HB9, Mnx1, or Mnr2) was consistently altered upon increased or decreased menin levels. Therefore, meninmediated regulation of the homeobox transcription factor Hlxb9 was further investigated.
Menin interacts with Hlxb9
Because menin did not alter Hlxb9 RNA level, posttranscriptional regulatory mechanisms were explored. Upon menin overexpression or menin knockdown, Hlxb9 protein half-life or protein stability was unaffected (Supplementary Figure 2A and B, see section on supplementary data given at the end of this article), the distribution of Hlxb9 in nuclear and cytoplasmic compartments was unaffected (Supplementary Figure 2C) , and the phosphorylated form of Hlxb9 was unaffected (Supplementary Figure 2D ). Also, Hlxb9 3 0 -UTR luciferase assay
showed that menin did not activate any microRNA to regulate Hlxb9 expression (Supplementary Figure 2E) . However, GST pull-down assays showed that GST-menin could bind to endogenous Hlxb9 and transfected Hlxb9 from MIN6 cells ( Fig. 2A) . In reciprocal experiments, GST-Hlxb9 bound endogenous and transfected menin ( Fig. 2A) . Furthermore, anti-Hlxb9 immunoprecipitates contained menin (Fig. 2B ). Hlxb9 could not be detected in anti-menin immunoprecipitates because the band corresponding to Hlxb9 co-migrates with the IgG heavy chain.
In vitro-translated (IVT) menin or Hlxb9 did not bind to GST-Hlxb9 or GST-menin respectively, suggesting that the interaction was not direct or it required secondary modification of these proteins (data not shown). Therefore, the above assays indicated that menin could potentially regulate Hlxb9 through protein-protein interaction.
To determine whether the menin-Hlxb9 interaction could occur in other cell types, GST-Hlxb9 pull-down assays were performed using WCEs of HEK293 cells and MEFs (Supplementary Figure 3A , see section on supplementary data given at the end of this article). Similar to the observation in MIN6 cells, menin could bind to Hlxb9 efficiently in HEK293 cells; however, in MEFs, the binding was weak suggesting a cell-type specificity of menin-Hlxb9 interaction.
In interaction domain mapping assays, all four C-terminal truncations of menin interacted with Hlxb9, whereas N-terminal deletions of aa 1-177 or 1-323 showed lowest binding to Hlxb9 ( not significantly change binding to Hlxb9. This indicated that the central region of menin closer to the N-terminus was critical for Hlxb9 binding. Disease-associated missense mutants of menin located in this central region were impaired for Hlxb9 interaction ( Fig. 2D and E) . Also, menin missense mutants that showed impaired Hlxb9 interaction did not reduce Hlxb9 protein level ( Fig. 2D and E); thus, indicating that Hlxb9 protein level was regulated by menin interaction. Hlxb9 has four distinct domains (UniprotKB identification no., Q9QZW9): two poly-alanine regions (aa 121-134 and 168-174), central conserved domain (aa 168-241), and C-terminal homeodomain-containing region (aa 241-300). Deletion of the poly-alanine regions did not affect menin binding. However, C-terminal deletion of Hlxb9 (aa 241-404) substantially decreased binding to menin ( Fig. 2C and Supplementary Figure 3C ). This indicated that the Hlxb9 homeodomain region was crucial for menin interaction.
Hlxb9 target genes
Downstream target genes of Hlxb9 have not been discovered. Hlxb9 has been shown to act as a transcriptional repressor (William et al. 2003) , and this was also observed in MIN6 cells (Fig. 3A ) Therefore, identification of de-repressed genes would easily reveal Hlxb9-regulated genes. RNA samples from three independent transfections of MIN6 cells were used to assess the difference in gene expression upon control siRNA transfection and Hlxb9 siRNA transfection (Fig. 3B) . The microarray data analysis showed that genes upregulated or downregulated upon Hlxb9 knockdown had relatively low fold changes (maximum 2.18-fold; Supplementary 12 upregulated genes were subsequently validated (Palld did not yield a PCR product; Fig. 3C ). Furthermore, QRT-PCR analysis showed that genes that were upregulated upon Hlxb9 knockdown were downregulated upon Hlxb9 overexpression (Fig. 3D) . Therefore, microarray analysis revealed several Hlxb9 target genes in b-cells (MIN6 cells).
Hlxb9 occupies the promoter of genes associated with the regulation of insulin level
Among the Hlxb9 target genes identified, there were two genes that have been shown to affect cellular insulin level: Vsnl1 or Vilip1 (Dai et al. 2006 , Fu et al. 2009 ) and Pld1 (Hughes et al. 2004 , Ma et al. 2010 . ChIP assays revealed that Hlxb9 occupied the Vsnl1 and Pld1 promoter; menin did not co-occupy these regions (Fig. 3E) . Therefore, Vsnl1 and Pld1 were direct targets of Hlxb9 in b-cells. Vsnl1 knockdown caused a low but consistently observed increase in insulin mRNA ( Fig. 3F and G) . These data suggest a novel mechanism of increased insulin by Hlxb9 upregulation, from genes repressed by Hlxb9 (which are negative regulators of insulin).
Hlxb9 overexpression reduces cell proliferation and causes apoptosis
Hlxb9 has been shown to cause apoptosis in Drosophila pioneer neuron cells (Miguel-Aliaga et al. 2008) . However, (nZ3) were analyzed by QRT-PCR using primer pairs specific for Vsnl1, insulin 1 (Ins1), and insulin 2 (Ins2). Data are shown as fold change in expression compared to control siRNA transfected cells (equal to 1), **P!0.01. Vsnl1 knockdown was confirmed by western blot (G).
the role of Hlxb9 on b-cell growth and proliferation is not known. Therefore, the consequence of Hlxb9 overexpression was examined in b-cells (MIN6 cells). Overexpression of Hlxb9 caused a 50% decrease in cell number ( Fig. 4A and B), with slightly more cells (1.12-fold) in G 0 /G 1 phase and significantly less cells (0.63-fold) in S phase (Fig. 4C) . The reduced cell number observed upon Hlxb9 overexpression was due to increased apoptosis as shown by Annexin V-FITC and propidium iodide-rhodamine staining of Hlxb9 overexpressing cells (Fig. 4D) . Moreover, apoptosis detection assay (DNA fragmentation) showed that Hlxb9 overexpression resulted in a 1.85-fold increase in DNA fragmentation (Fig. 4E) . These data showed that in the presence of endogenous menin, Hlxb9 overexpression could cause b-cell apoptosis. In experiments where combined menin knockdown and Hlxb9 overexpression was performed, menin knockdown could partially rescue the apoptosis from Hlxb9 overexpression ( Fig. 4F and G) . Hlxb9 overexpression together with or without menin in Men1-null MEFs did not decrease cell number and did not even cause apoptosis ( Fig. 4H and I ). This could be due to a weak menin-Hlxb9 interaction observed in MEFs (Supplementary Figure 3A) compared with MIN6 or HEK293 cells, suggesting a possible cell-type-specific activity of Hlxb9.
Hlxb9 expression is increased in mouse islet tumor
To extend our findings from MIN6 cells into pancreatic islet tumors upon menin loss, pancreas sections from Men1 C/K mice (Wang et al. 2011) were used to detect Hlxb9 by immunohistochemistry (IHC). Hlxb9 staining was higher in islet tumors compared with wild-type islets (Fig. 5) . Serial sections from the same tumor were previously analyzed for loss of menin expression and increased insulin (Wang et al. 2011) . This observation demonstrates that menin loss in islet tumor coincides with increased Hlxb9 level. 
Discussion
We have investigated the molecular basis for the tissuespecific tumorigenesis from menin loss, particularly for the pathogenesis of tumors of the pancreatic islet b-cells (insulinoma). We propose a possible mechanism of how dysregulation of an embryonic differentiation factor, the homeobox transcription factor Hlxb9, can account for the increased insulin level and probably for the increased cell number found in b-cell tumors upon menin loss.
The b-cell differentiation factor Hlxb9 is downstream of menin
Among the 12 different b-cell differentiation factors examined in MIN6 cells (Hlxb9, Hnf3b, Isl1, MafA, MafB, NeuroD1, Ngn3, Nkx2.2, Nkx6.1, Pax4, Pax6, and Pdx1) , the expression of Hlxb9 protein decreased upon menin overexpression, and conversely, Hlxb9 protein level increased upon menin knockdown. Interestingly, Hlxb9 RNA was previously observed as moderately upregulated in the hyperplastic islets of the mouse model of MEN1 (Scacheri et al. 2006) . In MIN6 cells, we did not observe any change in the amount of Hlxb9 RNA from variation in menin level, indicating that menin-mediated regulation of Hlxb9 protein was also posttranscriptional. Among several assays performed to study various posttranscriptional regulatory mechanisms, we found that menin could interact with the Hlxb9 C-terminal homeodomain region. Homeodomain is important for DNA binding, which is known to facilitate protein stability. Menin loss would increase the efficiency of Hlxb9 DNA-binding perhaps resulting in stabilization and accumulation of Hlxb9, a possibility that requires further investigation. An interesting feature of menin's crystal structure is the large central cavity spanning aa 78-381 that is highly conserved between Neomatostella and human/mouse menin, a predicted binding site for interacting proteins (Murai et al. 2011 , Huang et al. 2012 . Our domain-mapping results suggest that Hlxb9 binding also occurs within this large cavity. Although many menin-interacting proteins have been discovered, several of which are transcriptional regulators (Balogh et al. 2010) , no such interacting proteins have been reported for Hlxb9. Our finding of Hlxb9 interaction with menin not only adds another important interaction partner for menin but also reveals an interaction of menin with a tissue-specific factor in b-cells, thus explaining tissue specificity of tumors upon menin loss in mice and in humans. A study investigating the role of the a-cell factor MafB in b-cell proliferation (Lu et al. 2011 ) and our study demonstrate the importance of islet differentiation factors as promising candidates involved in the pathogenesis of b-cell tumors, although MafB expression was not affected by menin in MIN6 cells (current data). However, the role of Hlxb9-menin interaction in the context of other menin partners or other b-cell-specific factors remains to be determined.
Some Hlxb9 target genes regulate cellular insulin content and insulin secretion
Hlxb9 is a homeobox transcription factor, but its consensus DNA-binding sequence and its target genes are unknown. Gal4DBD-fused Hlxb9 has been shown to repress transcription in motor neuron cells (William et al. 2003) . Our data show that Gal4DBD-Hlxb9 also repressed transcription in b-cells. Among the Hlxb9 target genes in MIN6 cells, we found two genes that are associated with insulin expression and/or secretion, Vsnl1 and Pld1. Hlxb9 occupied the promoter region of both Vsnl1 and Pld1, indicating direct transcriptional repression by Hlxb9. Menin loss would predict increased binding of Hlxb9 to these promoters, thereby increasing the repression of the negative regulators of insulin. Vsnl1 is a member of the neuronal Ca 2C sensor protein family, and its expression was found to be downregulated in several different types of human cancers . Our observation of a similar downregulation of Vsnl1 expression by increased Hlxb9 suggests that direct dysregulation of Hlxb9 or dysregulation of Hlxb9 from menin loss could be tumorigenic. Vsnl1 knockdown caused increased insulin mRNA ( Fig. 3F ; Dai et al. 2006) and significantly enhanced glucose-stimulated insulin secretion (Dai et al. 2006) . The ubiquitously expressed enzyme Pld1 is essential for regulated insulin secretion from b-cells, through the mTOR pathway (Hughes et al. 2004 , Ma et al. 2010 . Blockade of Pld1 activity inhibited insulin secretion in both MIN6 cells and in isolated pancreatic islets (Hughes et al. 2004) . These observations identify a new role for Hlxb9 in b-cells from its target genes in the regulation of cellular insulin content and insulin secretion.
Role of Hlxb9 in b-cell proliferation and tumorigenesis
Apoptosis from Hlxb9 has been reported in Drosophila motor neurons (Miguel-Aliaga et al. 2008) . Similarly, transient overexpression of Hlxb9 in MIN6 cells blocked the increase in cell number over time due to a concomitant increase in apoptosis. Furthermore, Hlxb9 overexpression when coupled with transient menin knockdown could partially rescue the apoptosis caused by Hlxb9 overexpression. However, unlike in MIN6 cells, in Men1-null MEFs (the only menin-null cell line currently available) or in menin reconstituted Men1-null MEFs, Hlxb9 overexpression did not affect cell number and did not even induce apoptosis, although this could also be due to the inability of menin and Hlxb9 to interact in MEFs compared to MIN6 cells and HEK293 cells. This result suggested a tissue/cell-type-specific physiological interaction of Hlxb9 and menin in pancreatic b-cells. Our observation of apoptosis from Hlxb9 overexpression is another important new role of Hlxb9 in b-cells. Evasion of apoptosis is a hallmark of cancer. Hlxb9 dysregulation and blockade of its pro-apoptotic properties could result in pathological consequences in mature b-cells. These observations need further analysis to test the possibility of the tumorigenic aspects of Hlxb9. Although in humans menin loss is associated with tumors of other islet cell types, such as the glucagonsecreting a-cells (Thakker 2010) , in mouse models of a-cell-specific loss of menin, insulinomas are observed (Shen et al. 2010) . Also, in the Pdx1-Cre-Men1 mouse model where menin loss occurs in the entire pancreas, tumorigenesis is restricted to the b-cells (Shen et al. 2009 ). Menin's interaction with a b-cell-specific factor such as Hlxb9 could account for such cell-type selective tumorigenesis in the pancreas of these mice. Hlxb9 expression has not been observed in the islet a-cells or in the exocrine pancreas . Transient menin knockdown in an islet a-cell line (alpha-TC1), or in a pancreatic exocrine cell line (266-6), did not induce Hlxb9 expression (data not shown). Further investigations with Hlxb9 in Men1 mouse models will be informative to determine the contribution of Hlxb9 in the tumorigenesis of the different cells types in the pancreas.
Ectopic expression of Hlxb9 from chromosomal translocations in infant acute myeloid leukemia (AML) suggests an oncogenic role of Hlxb9 in leukemogenesis (Nagel et al. 2005 , Wildenhain et al. 2010 . Given menin's
